Ultrasound (US) imaging is widely used for guiding minimally invasive procedures. However, with this modality, there can be poor visibility of interventional medical devices such as catheters and needles due to back-reflections outside the imaging aperture and low echogenicity. Photoacoustic (PA) imaging has shown promise with visualising bare metallic needles. In this study, we demonstrate the feasibility of a light emitting diode (LED)-based PA and US dual-modality imaging system for imaging metallic needles and polymeric medical catheters in biological tissue. Four medical devices were imaged with the system: two 20-gauge spinal needles with and without a multi-walled carbon nanotube / polydimethylsiloxane (MWCNT/PDMS) composite coating, and two 18-gauge epidural catheters with and without the MWCNT/PDMS composite coating. These devices were sequentially inserted into layers of chicken breast tissue within the US imaging plane. Interleaved PA and US imaging was performed during insertions of the needle and catheter. With US imaging, the uncoated needle had very poor visibility at an insertion angle of 45 o . With PA imaging, the uncoated needle was not visible, but its coated counterpart was clearly visualised up to depths of 35 mm. Likewise, both catheters were not visible with US imaging. The uncoated catheter was not visible on PA images, but its coated counterpart was clearly visualised up to depths of 35 mm. We conclude that the highly absorbing CNT/PDMS composite coating conferred excellent visibility for medical devices with the LED-based PA imaging system and that it is promising for translation in minimally invasive procedures.
INTRODUCTION
Accurate visualisation of interventional devices is critically important during minimally invasive procedures, such as nerve blocks, tumour biopsies, central venous catheterisations and percutaneous umbilical blood sampling. US imaging is widely used for guiding minimally invasive procedures. However, ultrasonic visualisation of interventional medical devices such as surgical needles and catheters can be challenging when they are inserted at large angles and depths. Additionally, during in-plane needle insertions, needles and catheters readily deviate from the US imaging plane so that their distal ends are invisible; during out-of-plane insertions, the needle shaft can be misinterpreted as the needle tip when the it intersects the imaging plane. Loss of visibility of interventional devices can lead to life-threatening complications, such as stroke resulting from inadvertent intravascular injections of particulate steroids [1] . Photoacoustic (PA) imaging is a novel imaging modality that is based on ultrasound generation by optical absorption of pulsed or modulated light [2] . PA signals can be acquired using clinical linear array ultrasound (US) imaging probes to obtain naturally co-registered PA and US images that provide complementary functional, molecular and structural information of tissue with high spatial resolution. In addition to tissue imaging, these dual-modality PA/US imaging systems have also shown promise to improve the visibility of metallic medical devices including needles [3] and brachytherapy seeds [4, 5] . Here, the image contrast originates from intrinsic optical absorption of the medical devices, which can be much higher than that of the surrounding tissues. However, many medical devices are non-metallic and have poor visibility with PA imaging. Another challenge from a clinical translation standpoint is that many conventional excitation light sources for PA imaging are bulky and expensive.
In this study, a light emitting diode (LED)-based PA and US imaging system was used to image medical needles and catheters that were inserted in biological tissue for the first time. An elastomeric composite coating comprising multiwalled carbon nanotubes (MWCNTs) and polydimethylsiloxane (PDMS) was used to enhance PA visibility of a nonmetallic epidural catheter.
MATERIALS AND METHODS

LED-based PA and US imaging system
The dual-modality LED-based PA and US imaging system (AcousticX, CYBERDYNE Inc, Tokyo, Japan) [6] was based on a linear-array US probe. This probe had 128 transducer elements with a central frequency of 9 MHz, and an interelement spacing of 0.3 mm. The system alternated between two imaging modes: a plane wave B-mode US imaging mode, and a PA imaging mode. For PA imaging, pulsed excitation light was provided by two arrays of LEDs that were affixed on opposite sides of the imaging probe to illuminate an area of 50 mm × 7 mm on the sample surface. Each array provided a pulse energy of 200 µJ at 850 nm, with a maximum pulse repetition frequency of 4 kHz. The pulse duration was tunable over the range of 30 ns to 100 ns. For both PA and US imaging modes, raw channel data from 128 channels were digitized simultaneously at 40 MS/s and 20 MS/s, respectively. PA and US images were reconstructed using an inbuilt GPU-based Fourier-domain reconstruction algorithm and displayed online at a frame rate of 6.25 Hz, with averaging performed over 384 image frames. 
Coating medical needles and catheters
The MWCNT composite was fabricated using previously-described methods [7, 8] , with functionalized MWCNTs integrated into uncured PDMS [7] . This composite was applied to the exterior of a 20-gauge spinal needle (Terumo, Surrey, UK) and an epidural catheter (Smith Medical, Minneapolis, United States) and subsequently cured, leaving the interior uncoated and unobstructed for fluid flow. With the needle, the coating was applied in 14 regions spanning approximately 2 mm, with gaps of a similar size. With the catheter, the coating was continuous across a length of approximately 3 cm (Figure 1 ).
PA and US imaging
Two sets of experiments with the dual-modality LED-based PA and US imaging system were performed. In the first, the uncoated and coated needles were separately inserted into layers of chicken breast tissue at an angle of 45 o . In the second, the uncoated and coated catheters were sequentially placed between layers of chicken breast tissue, at shallow angles. In both experiments, the medical devices were positioned within the ultrasound imaging plane. 
RESULTS AND DISCUSSION
With conventional US imaging, both the uncoated and coated needles were not visible [ Figure 2(a,c) ]. With PA imaging, the uncoated needle was also not visible, but the needle coated with the MWCNT/PDMS composite could clearly be visualized at depths down to 35 mm [ Figure 2(b,d) ]. Likewise, both the uncoated catheter and coated catheters were not visible on the US images [ Figure 3(a,c) ]. The uncoated catheter was also not visible with PA imaging. With the coating, the catheter was visible with PA imaging at depths up to 35 mm [ Figure 3(b,d) ].
This study provided a preliminary indication that optically absorbing coatings can be used to enhance visibility of medical devices with PA imaging. The MWCNT/PDMS composite is advantageous in this context as the MWCNTs confer high optical absorption, and the PDMS host material has a high thermal expansion coefficient to improve the efficiency of PA signal generation [7] . One limitation of this method for visualizing medical devices is that PA signals generated from proximal regions of the needle or catheter could be misinterpreted as originating from the distal ends. To overcome this limitation, 3D PA/US imaging could be used. Alternatively, direct visualization could be combined with ultrasonic tracking, where a miniature ultrasound sensor or transmitter is integrated within the cannula of the medical device to actively communicate with the external ultrasound probe, so that the tip of the medical device can be unambiguously identified [9] [10] [11] [12] [13] [14] [15] . To further extend the depth from which molecular and functional information of tissue could be obtained with PA imaging, excitation light could be delivered through the medical devices via an embedded optical fiber [4, [16] [17] [18] .
From a clinical translation standpoint, it is promising that PA signals could be obtained at clinically relevant depths of over 3 cm using LEDs as excitation light sources, and that co-registered US images can be obtained in real-time. The combination of medical device visualization using optically absorbing coatings and a compact, dual-modality PA/US system is promising for improving guidance of a wide range of minimally invasive procedures. 
